This Communication reports that incorporating taurine into small [d]{.smallcaps}-peptides drastically boosts the cellular uptake of [d]{.smallcaps}-peptides for intracellular enzyme-instructed self-assembly and accumulation. Since few pathways are readily available for the biological utilization of [d]{.smallcaps}-amino acids, nutritionally important amino acids rarely exist as [d]{.smallcaps}-isomers, and naturally occurring proteins consist exclusively of [l]{.smallcaps}-amino acids. Though microorganisms, marine invertebrates, and a few other animals do synthesize [d]{.smallcaps}-amino acids and, during food processing, racemization occurs to produce [d]{.smallcaps}-amino acids, these examples remain exceptions.^[@ref1]^ This unique feature of [d]{.smallcaps}-amino acids endows [d]{.smallcaps}-peptides with enduring stability due to their resistance against endogenous proteases *in vitro* and *in vivo*. Kim et al. developed an elegant approach (i.e., mirror-image phage display) to identify [d]{.smallcaps}-peptide ligand/inhibitors for proteins.^[@ref2]^[d]{.smallcaps}-Peptides thus are gaining increased attention and readily find applications in a variety of areas of biology and biomedicine.^[@ref3],[@newref4]^ For example, [d]{.smallcaps}-peptides can be used to trace the lineage of cells^[@ref4]^ and the growth of axons,^[@ref5]^ disrupt protein interactions,^[@ref6]^ reduce adverse drug reactions of anti-inflammatory drugs,^[@ref7]^ and serve as a medium for drug delivery.^[@ref8]^

These advances in the use of [d]{.smallcaps}-amino-acid-based materials have mainly occured for extracellular^[@ref9]^ applications, because cellular uptake of [d]{.smallcaps}-peptides is ineffective and less explored.^[@ref10]^ A recent result also reveals that [d]{.smallcaps}-peptides exclusively enrich in cell membrane.^[@ref11]^ Although it is feasible to inject [d]{.smallcaps}-peptides directly into cells,^[@ref4],[@ref5]^ microinjection is unsuitable for common mammalian cells and is impractical for application to large numbers of cells. To further explore the merits of [d]{.smallcaps}-peptides inside cells, it is essential to develop an effective strategy to enhance the cellular uptake of [d]{.smallcaps}-peptides. Although there are reports of cell-penetrating peptides (CPPs, e.g., poly(lysine), poly(arginine), or poly([d]{.smallcaps}-arginine)),^[@ref12]^ these CPPs still have limitations, such as their susceptibility to metabolic degradation, dependence on cell lines and cellular differentiation state, or poor cellular compatibility (especially of those cationic CPPs).^[@ref13]^ Thus, there is an unmet need for new molecular promoters to enhance cellular uptake of [d]{.smallcaps}-peptides and other bioactive molecules.

![(A) Molecular structures of precursors **1a** and **1b**, and the corresponding hydrogelators **2a** and **2b** after enzymatic transformation. (B) Taurine conjugation boosts cellular uptake of [d]{.smallcaps}-peptide precursors and subsequent enzyme-instructed self-assembly to form nanofibers, accumulating inside cells.](ja-2015-06181u_0001){#fig1}

We unexpectedly observed that taurine, a non-proteinogenic but essential amino sulfonic acid,^[@ref14]^ apparently enhances cellular uptake. Our results show that the attachment of taurine to a [d]{.smallcaps}-peptidic derivative significantly boosts the cellular uptake of the [d]{.smallcaps}-peptidic derivative, achieving \>10-fold increase. Enzyme-catalyzed removal of the taurine group results in the self-assembly of the [d]{.smallcaps}-peptidic derivatives and further enhances the intracellular accumulation of the [d]{.smallcaps}-peptide derivative ([Figure [1](#fig1){ref-type="fig"}B](#fig1){ref-type="fig"}). Our preliminary study on the mechanism of the uptake reveals that the uptake of the [d]{.smallcaps}-peptide derivative relies on both dynamin-dependent endocytosis and macropinocytosis but, surprisingly, little on taurine transporters. As the first example of taurine (an amino sulfonic acid widely distributed in animal tissues)-promoted cellular uptake, this work illustrates a fundamentally new strategy to deliver [d]{.smallcaps}-peptides into live cells. This approach ultimately may lead to taurine-based intracellular delivery of other bioactive molecular and therapeutic agents for intracellular self-assembly.^[@ref15]^

Molecule **1a** consists of a fluorophore (i.e., 4-nitro-2,1,3-benzoxadiazole, NBD), a dipeptide residue (i.e., [d]{.smallcaps}-Phe-[d]{.smallcaps}-Phe), an enzyme (i.e., esterase) cleavage site (i.e., an ester bond), and a taurine residue ([Figure [1](#fig1){ref-type="fig"}A](#fig1){ref-type="fig"}). The NBD motif, exhibiting enhanced fluorescence in a hydrophobic environment, can efficiently indicate nanofibrils formed by molecular self-assembly in cells.^[@ref16]^ The [d]{.smallcaps}-diphenylalanine peptide, besides serving as the self-assembly motif,^[@ref7],[@ref17]^ ensures the proteolytic resistance of the molecules. The ester bond allows esterase to catalyze the conversion of **1a** into **2a**. To verify the roles of taurine and the ester bond, we design two control molecules, **3a** and **4**. **3a** lacks the taurine residue, and **4** has an amide bond replacing the ester bond in **1a**. Based on the design in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [S1, and S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf), we combine solid- and liquid-phase peptide synthesis ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)) to make these molecules in fair yields (50--70%) and reasonable scales (0.1--0.5 g).

We first examine the enzymatic transformation of **1a** (and **3a**) by analytical HPLC and the subsequent self-assembly of **2a** by transmission electron microscopy (TEM). At pH 7.4 and 1.0 wt%, **1a** forms a transparent solution ([Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). After treatment with esterase (1 U/mL) for 1 min, the orange solution remains unchanged, though analytical HPLC shows that the esterase has already converted 2.5% of **1a** into **2a** (**1a**:**2a** = 40:1). The TEM image of the solution reveals that there are short nanofibrils (*d* = 8 ± 2 nm) and a few long nanofibrils (*d* = 12 ± 2 nm) ([Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). After 24 h, the solution of **1a** turns into a hydrogel, with ∼11% of **1a** (**1a**:**2a** = 8:1) being converted to **2a** according to HPLC. TEM shows that the self-assembled nanofibrils (*d* = 8 ± 2 nm) entangle with each other to form the matrices of the hydrogel, within which are sporadic short nanofibrils (*d* = 12 ± 2 nm) ([Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). These results indicate that **1a** exists mainly as a monomer or oligomer (which cannot be detected by TEM and is readily available to esterase) but has a weak tendency to form nanofibrils in solution, even at a high concentration (1.0 wt%), and that **2a** and **1a** are able to co-self-assemble to form nanofibrils. These features allow the enzyme-instructed self-assembly of **1a**, resulting in the nanofibrils and subsequent hydrogelation. The control molecule **3a**, without the taurine residue, is less soluble than **1a** and forms only a semi-transparent dispersion at high concentration. After treatment with esterase (1 U/mL), the resulting hydrogel formed by the hydrolysis of **3a** is rather soft and exhibits yellow fluorescence ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)).

To match the concentrations used for cell experiments, we evaluate the self-assembly of **1a** at a lower concentration (i.e., 100 μM). As shown by TEM ([Figure [2](#fig2){ref-type="fig"}A](#fig2){ref-type="fig"}), there are hardly any aggregates/nanofibrils in the solution of **1**. After addition of esterase (1 U/mL, 24 h), large amounts of nanofibrils (*d* = 8 ± 2 nm) appear, interwoven with aggregates ([Figure [2](#fig2){ref-type="fig"}B](#fig2){ref-type="fig"}). Correspondingly, static light scattering (SLS) of the solution before esterase treatment exhibits a low signal (almost the same intensity as that of PBS buffer, or PBS with esterase in it), but the signal increases dramatically after addition of esterase (1 U/mL) ([Figure [2](#fig2){ref-type="fig"}C](#fig2){ref-type="fig"}), suggesting that the conversion of **1a** to **2a** at 100 μM results in the self-assembly of **2a**. HPLC reveals that \>50% of **1a** has been converted into **2a**. The fluorescence associated with NBD may serve as an efficient indicator to report the self-assembly;^[@ref16]^**2a** fluoresces with increased quantum yield because the self-assembled nanofibrils or aggregates encapsulate the NBD residues in a highly hydrophobic environment.^[@ref18]^ Significant fluorescence appears in the solution of **1a** treated with esterase ([Figure [2](#fig2){ref-type="fig"}D](#fig2){ref-type="fig"}) compared with the solution prior to addition of enzyme ([Figure [2](#fig2){ref-type="fig"}D](#fig2){ref-type="fig"} inset).

![TEM images of the solutions of **1a** in PBS buffer (A) before and (B) after addition of esterase. Scale bar = 100 nm. (C) SLS signals of the solution of **1a** in PBS buffer without and with addition of esterase. Inset: corresponding analytical HPLC traces. (D) The confocal microscope image shows the appearance of fluorescence in the solution of **1a** after esterase treatment (\<10 min). Inset: corresponding image before esterase treatment. Scale bar = 100 μm. \[**1a**\] = 100 μM in PBS.](ja-2015-06181u_0002){#fig2}

The fluorescence contrast before and after formation of nanofibrils allows the evaluation of cellular uptake, as well as intracellular self-assembly, the dynamics, and the localization of the nanofibrils of the small molecules in live cells.^[@ref16]^ We incubate HeLa cells with **1a** and **3a**, respectively, in culture medium (200 μM, 37 °C, 24 h) and take confocal images to examine the cellular distribution of these molecules. We choose 200 μM for a shorter experiment period and better imaging quality. Our results show that HeLa cells treated with **1a** exhibit significant fluorescence in cytoplasm ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)), suggesting that the cells take up a large amount of **1a**. Some of **1a** turns into **2a** upon esterase-instructed hydrolysis, and the **2a** then co-self-assembles with **1a** to form intracellular nanofibrils that exhibit strong fluorescence. In contrast, images of the HeLa cells treated with **3a** show hardly any fluorescence inside the cells ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The background outside the cells looks even brighter, indicating that little **3a** enters the cells. These results confirm that incorporating taurine boosts cellular uptake of the [d]{.smallcaps}-peptide derivatives.

![Fluorescent confocal microscope images showing the fluorescence emission in HeLa cells with the treatment of (upper) **1a** and (bottom) **3a** at 200 μM concentration in culture medium for 24 h and co-stained with Hoechst 33342 (nuclei). Scale bar = 50 μm.](ja-2015-06181u_0003){#fig3}

To prove that cleavage of the ester bond is critical for the significant fluorescence observed in the cytosol of the cells treated by **1**, we examine the cellular uptake of **4**. As a control of **1a**, **4**, having an amide bond to link the [d]{.smallcaps}-peptide and taurine, is resistant to hydrolysis catalyzed by esterase. There are a few yellow bright spots inside cells after 24-h incubation ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)), validating that self-assembly due to ester bond hydrolysis further facilitates intracellular accumulation of the [d]{.smallcaps}-peptide derivatives in the cytosols, probably by reducing efflux.

![(A) Uptake concentration (*C*~u~) of **1a**, **3a**, and **4** inside HeLa cells after 24-h incubation. The incubating concentration is 200 μM. (B) *C*~u~ of **1a** (200 μM) at different time points and temperatures. (C) *C*~u~ of **1a** at different incubating concentration after 24 h. (D) *C*~u~ of **1a** and **4** after washing the cells with PBS buffer at each wash.](ja-2015-06181u_0004){#fig4}

We develop the procedure in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf) for quantifying the intracellular or uptake concentration, *C*~u~, of the [d]{.smallcaps}-peptide derivatives in HeLa cells treated by **1**, **3**, and **4**, respectively. To be clear, we define *C*~u~(**1a**/**b**) = \[**1a**/**b**\] + \[**2a**/**b**\], *C*~u~(**3a**/**b**) = \[**3a**/**b**\] + \[**2a**/**b**\], and *C*~u~(**4**) = \[**4**\], where \[***x***\] is the intracellular concentration of compound ***x***, because both **1a**/**b** and **3a**/**b** would be hydrolyzed to **2a**/**b** by esterase inside the cell, while **4** would not. When treated with **1a** (200 μM) for 24 h, HeLa cells take up **1a** to reach *C*~u~ = 1.6 mM, 8 times the incubating concentration (200 μM) ([Figure [4](#fig4){ref-type="fig"}A](#fig4){ref-type="fig"}). In contrast, hardly any **3a** (or **2a**) is detected inside the HeLa cells. This striking contrast again verifies that covalent conjugation of taurine to the [d]{.smallcaps}-peptide derivative significantly increases the cellular uptake. Besides, *C*~u~(**4**) = 0.8 mM in HeLa cells incubated with **4** (200 μM), half the *C*~u~ of **1a** at the same condition, suggesting that intracellular esterase-instructed self-assembly of the [d]{.smallcaps}-peptide derivatives promotes cellular accumulation based on the taurine-enhanced uptake. The *C*~u~ of **4** (800 μM) is 4 times the incubating concentration in culture medium (200 μM). We also find that *C*~u~(**1a**) gradually rises with increasing incubation time; notably, it keeps rising even after 48-h incubation, confirming that formation of nanofibrils by enzyme-instructed self-assembly maintains the cellular uptake of molecule **1a** ([Figure [4](#fig4){ref-type="fig"}B](#fig4){ref-type="fig"}).

We also incubate HeLa cells with **1a** at different concentrations (i.e., 25, 50, 100, 200, and 500 μM) for 24 h. When the incubating concentration is ≤25 μM, the enhancement of cellular uptake is less pronounced ([Figure [4](#fig4){ref-type="fig"}C](#fig4){ref-type="fig"}). It appears that 200 μM is the optimum incubating concentration among those tested, because it reaches an 8-fold enhancement (24 h) compared with the incubating concentration (and 12-fold after 48 h). When the incubating concentrations are 50 and 500 μM, the boosts are about 3- and 4.5-fold, respectively. These results indicate that the activity of enzymes and the minimum aggregation concentration together dictate the enhancement of the cellular uptake. In addition, we find that **1a** at high concentration (500 μM) causes intracellular nanofibrils to start disrupting actin filaments ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). Cell extraction analysis (of the HeLa cells incubated with **1a** or **4** (200 μM, 24 h)) by analytical HPLC shows that the intracellular ratio of **2a** and **1a** is ∼1:4, while **4** remains intact inside cells ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). This result further confirms the enzymatic transformation of **1a** to **2a** and the proteolytic resistance of **1a**, **4**, and **2a**.

To evaluate the retention of the [d]{.smallcaps}-peptide derivatives inside cells, we rinse the HeLa cells with fresh PBS buffer after 24-h incubation with **1a** or **4** (200 μM) and measure the *C*~u~ of these [d]{.smallcaps}-peptides, respectively. Each wash (i.e., add PBS, mix, centrifuge, remove PBS) only slightly decreases *C*~u~(**1a**), from 1.6 to 1.4 mM ([Figure [4](#fig4){ref-type="fig"}D](#fig4){ref-type="fig"}). In contrast, each wash decreases *C*~u~(**4**) by ∼25% (e.g., from 0.8 to 0.6 mM after the first wash). After the cells were washed with PBS buffer five times, the *C*~u~(**4**) dropped significantly (i.e., about an order of magnitude, from 0.8 to 0.08 mM). These results confirm that intracellular cleavage of taurine and formation of the nanofibrils significantly reduce the molecular diffusion, which may open a new way for retaining desired molecules inside cells. Though it is impossible to rule out the contribution of solubility increase resulting from the attachment of taurine, the results in [Figure [4](#fig4){ref-type="fig"}D](#fig4){ref-type="fig"} confirm that the increase of the solubility is unable to enhance the retention of the compounds inside cells.

We carry out a preliminary study to elucidate the uptake mechanism. The uptake of **1a** reduces significantly at 4 °C, suggesting that the uptake is an energy-dependent process ([Figure [4](#fig4){ref-type="fig"}B](#fig4){ref-type="fig"}). Since **1a** does not aggregate at 4 °C ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)), the reduced uptake is unlikely due to aggregation outside cells at lower temperature. Surprisingly, cellular uptake of **1a** relies little on the assistance of taurine transporter, since addition of neither cyclosporine A (Cs A, 5 μM, taurine transporter inhibitor) nor taurine (3 mM) decreases *C*~u~(**1a**) ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). In addition, other competitors (e.g., taurocholic acid (1 mM) or heparin (0.33 mM)) hardly affect the uptake of **1a** ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf) and [S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). However, the use of dynamin 1, 2, and 3 knockout mouse fibroblast (TKO) cells^[@ref19]^ results in reduced uptake of **1a**, as there are fewer fluorescent puncta in treated TKO cells than in control (wild-type) cells ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf) and [S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). We also use inhibitors of different endocytotic processes to determine the possible pathways of cellular uptake---filipin III for caveolae-mediated endocytosis, chlorpromazine for clathrin-mediated endocytosis, and ethylisopropylamiloride (EIPA^[@ref20]^) for macropinocytosis---and find that only the addition of EIPA significantly reduces the uptake of **1a**. When we treat TKO cells with EIPA, cellular uptake of **1a** is further reduced. These results suggest that this taurine-assisted uptake of **1a** involves both dynamin-dependent endocytosis and macropinocytosis.^[@ref21]^ Though how molecules escape from endosomes has yet to be determined, these [d]{.smallcaps}-peptide derivatives can remain intact in cells for a longer time compared with regular therapeutic molecules due to the proteolytic resistance of [d]{.smallcaps}-peptide, even when they end up in lysosomes.

To prove the generality of this approach, we synthesize another pair of molecules, **1b** and **3b**, with and without a taurine motif, by simply replacing the [d]{.smallcaps}-phenylalanine in **1a** and **3a** with [d]{.smallcaps}-alanine ([Figure S13A](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)). Though the self-assembly ability of the hydrogelator **2b** (formed by esterase-catalyzed hydrolysis of **1b** or **3b**) is weaker than that of **2a**, we still observe enhanced cellular uptake of **1b** (with taurine motif) compared with **3b** (without taurine) ([Figure S13B,C](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)).

In conclusion, we present here a novel strategy to boost the cellular uptake of [d]{.smallcaps}-peptide derivatives. This approach relies on covalent conjugation of a cleavable taurine motif with a [d]{.smallcaps}-peptide derivative. The use of taurine for enzyme-instructed self-assembly to enrich the molecules inside the cells may provide a new way to generate higher-order molecular assemblies that utilize small peptides instead of proteins for signaling transduction.^[@ref22]^ Due to the accessibility of taurine and easiness of its molecular modification, this approach will be useful to facilitate the transport of functional [d]{.smallcaps}-peptides^[@newref4],[@ref23]^ and other bioactive molecules through the cell membrane into live cells for controlling the fate of cells.^[@ref24]^ For example, intracellular nanofibers formed by enzyme-instructed self-assembly can disrupt actin filaments and enhance the activity of cisplatin against drug-resistant ovarian cancer cells ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06181/suppl_file/ja5b06181_si_001.pdf)).

Synthetic procedures, NMR and LC-MS characterization, and cellular uptake measurement. The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.5b06181](http://pubs.acs.org/doi/abs/10.1021/jacs.5b06181).
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